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Abstract 
The fatigue damage of titanium has been studied on thin plate specimens subjected to alternating plane bending in two different 
environments: in vacuum (1.3u10-3 Pa) and in air. Fatigue properties of titanium were better in vacuum than in air. Fatigue damage was 
distinguished between the testing atmospheres. In vacuum, homogeneous fatigue slip bands formed on the {10 1 0} planes. Slip band 
microcracks were formed at the junction of intersecting slip bands developed on the {10 1 0} planes, remarkably. Fatigue behavior of 
titanium in vacuum was attributed to the higher slip activity at crack tip. However, in air fatigue damage was characterized by course slip 
bands and mechanical twins. Fatigue cracks in both atmospheres were propagated in transgranular mode in different manner: in vacuum, 
fatigue crack propagated along and across slip bands, but in air, fatigue crack mostly propagated in zigzag pattern.  
 
© 2012 The Authors. Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Centre of 
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Keywords: Fatigue Damage, Fatigue Crack, Microstructures, Titanium, Mechanical Twinning  
 
Nomenclature 
R  stress ratio 
N   number of stress cycle 
K  stress concentration factor 
Greek symbols 
σ stress amplitude 
Subscripts 
f  failure 
t              theoretical 
1. Introduction 
Fatigue properties in metal are strongly dependent on testing atmospheres. Metallographic aspect of the fatigue damaged 
surface was known to be dissimilar between in air and in vacuum, where freshly surfaces are kept from being covered by 
oxide films [1-4].  Moreover, metallographic examination showed that fatigue damage in vacuum has been characterized by 
slip homogenization [3] and larger plastic zone sizes [4]. The improvement of fatigue properties in vacuum has been 
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interpreted as association with gas adsorption on freshly formed fracture surface [5-6]. Numerous studies on fatigue have 
been published on metals and alloys possessing a face-centered cubic (fcc) and body-centered cubic (bcc) structures. 
However, published fatigue studies for metals and alloys having hexagonal close-packed (hcp) lattice structure are much 
more limited, where mechanical twinning becomes an important mode of fatigue deformation in air [7]. Titanium is one of 
the hcp metals at ambient temperature. The slip systems in titanium are {10 1 0}<11 2 0> for primary slip, and 
(0001)<11 2 0>, {10 1 1}<11 2 0> for secondary slip. It was reported that the twin systems in titanium include 
{101 2}<101 1 >, {11 2 n}<11 2 m> (n=1~4), m= 3 , 6 ) and {101 1}<1 012> [8]. Titanium exhibits more complicated fatigue 
deformation than other hcp metals, because of its having many slip and twin systems.  It was reported that the activation of  
{10 1 1}twin exhibit a strong dependence on the deformation temperature and strain rate [9]. Deformation behavior of 
titanium has been studied extensively by many researchers [10-13]. Titanium shows high chemical affinity with oxygen and 
has low thermal conductivity. In some cases, the latter causes internal heating under cyclic stressing. In titanium, internal 
heating was prominently occurred during fatigue in air and affected fatigue properties markedly [14-15].It was significant 
only on massive and smooth specimens, but not on both the notched and rod specimens. Furthermore, it was also reported 
that in titanium temperature rise of 30 K above room temperature would reduce 30% in the critical resolved shear stress 
(CRSS) on the basal slip plane, and it would increase the activation volume for prismatic slip [16]. It is important to 
consider the aspect of internal heating while studying fatigue mechanisms of titanium, because titanium has low thermal 
conductivity and shows an endurance limit greater than elastic limit. These properties would be favorable to cause internal 
heating during fatigue in vacuum.   
The present study was conducted to obtain better understanding about fatigue damage mechanisms of titanium in 
vacuum and in air from the microstructural and crystallographic viewpoints. Annealed thin plate specimens were cyclically 
stressed in plane bending at ambient temperature. The microstructures induced by cyclic stressing were examined by optical 
microscopy and scanning (SEM) electron microcopy. The crystallographic orientation of the planes associated with fatigue 
damage was identified by the stereographic projection analysis based on the selected area diffraction (SAD) and trace 
analysis techniques [17].  
2. Experimental Procedure 
2.1. Material 
The material used was commercial high purity titanium plate (KS40S) of 0.5 mm thick. The chemical composition is 
given in Table I. After the plate was cold-rolled down to 0.35 mm thick at room temperature, a single edge U-notched 
specimen (Kt = 4.7) was machined to the dimension of 10 × 55 × 0.3 in mm. The specimen geometry is shown in Fig. 1. 
After mechanical polishing with abrasive paper up to #1000, specimens were annealed for 2 h at 973 K in vacuum (6.7 × l0-
3 Pa). The average grain size was 55 μm in diameter.  
Table 1. Chemical composition of titanium (KS40S) in wt%. 
H Fe N O Ti 
0.041 0.029 0.0024 0.050 Bal 
 
 
 
 
 
 
Fig. 1. Shape and dimension of specimen used (in mm). 
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2.2. Fatigue Tests 
Fatigue tests were performed under the displacement controlled condition, at R = -1, at room temperature, and in 
antiplane bending with a vibrator running at a resonant frequency of about 600 Hz to the second order mode of vibration for 
the specimen used. Two different atmospheres were chosen for fatigue testing: in vacuum (1.3 × 10-3 Pa) and in air. For the 
tests in vacuum, the vibrator was set up in a chamber. The atmosphere in chamber was evacuated to a pressure of 1.3 × 10-3 
Pa to perform the fatigue test in vacuum. Fatigue life was determined as the number of stress cycles at which a crack ran as 
far as half width of specimen from the notch root. 
Specimen temperature was measured on some specimens through fatigue tests at σ = f160 MPa in individual 
environments at room temperature. This was done by the alumel-chromel thermocouples (0.1 mm in diameter) spot-welded 
at the point of half width of specimen from notch root (the anticipated crack path). Then, the temperature increment due to 
cyclic stressing was determined as the temperature difference between the data obtained before and during fatigue testing. 
The data were continuously recorded by electronic recorder until specimens have failed. 
2.3. Microstructural Investigations 
Microstructural examinations were carried out by optical microscope (Optiphot XP: Nikon), SEM (JSM-5410LV: JEOL) 
and TEM (CM300-TWIN: Philips). The SEM accelerator voltage was set up to 15 kV. The TEM was operated at an 
accelerating voltage of 300 kV. Active crystallographic planes for fatigue deformations were determined by the 
stereographic projection analysis through the orientation etch pit, selected area diffraction (SAD) and trace analysis 
techniques.  
3. Results and Discussion 
3.1. Mechanical and Fatigue Properties 
The tensile properties of titanium are listed in Table 2, which the tensile test were carried out on the annealed thin plate 
specimen of 0.3 mm thickness at the strain rate of 5.6 × 10-4 s-1. The data indicate the average of five specimens. It is found 
that yield strength and tensile strength are poorer in vacuum than in air. Elongation is lower in vacuum than in air. 
Fig. 2 shows the S-N curve obtained during the fatigue test in vacuum and in air. The curve indicates that the fatigue 
strength in vacuum was slightly upper than in air in the shorter range of fatigue life less than 106 cycles, and it was  
improved  in vacuum in the longer one.  Fatigue strength at Nf = 1 × 108 cycles was obtained to be 160 MPa.  It is suggested 
that the improvement of fatigue strength in vacuum is due to the occurrence of crack tip blunting which enhance slip 
deformation around the crack tip.  During the fatigue test conducted in vacuum, some of the specimen underwent violent 
damping phenomena, which shows by the solid triangle symbol in Fig. 2.  
 
Table 2. Tensile properties of annealed titanium plate in vaccum as compared with in air. 
Environments Proof stress σ 0.2 (MPa) 
Tensile stress 
(MPa) 
Elongation 
(%) 
vacuum 131 243 54 
air 173 273 59 
3.2. Changes of Specimen Temperature during Cyclic Stressing 
To exam the above-mentioned phenomena, we have measured the specimen temperature increment during fatigue test.  
Fig. 3 illustrates a plot of temperature increment against number of stress cycles obtained during the test at σ = ± 160 MPa 
in vacuum, which were compared with the result obtained in air.  This shows that cyclic stressing contributed to increase 
specimen temperature in titanium.  It is noticeable that the specimen temperature was reached up to 20 K above room 
temperature in vacuum.  In air, however, that was only about 2 K. It is realized that the specimen temperature increment 
would enhance the slip activities in vacuum.  It was reported that the critical resolves shear stress (CRSS) on the basal and  
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Fig. 2. S-N curves for titanium fatigued in vacuum and in air .                Fig. 3. Specimen temperature increment vs number of cycles for titanium. 
prismatic slip planes were sensitive to testing temperatures [16]. Thus, it may facilitate the slip homogenization and spread 
the plastic zone around a crack tip.  It is also found that titanium caused internal heating due to cyclic stressing. The S-N 
curves obtained in our experiments could be attributed to the relative easiness of slipping at a crack tip, because internal 
heating would promote slip activities of  titanium in vacuum. This suggests that internal heating would influence fatigue 
mechanisms in titanium. Moreover, during the test in vacuum, the generated heat under cyclic stressing would be trapped 
from diffuse into the surrounding and most of them would be stored in specimens.  Titanium shows an endurance limit 
higher than its elastic limit and its thermal conductivity is low. These properties would be attributing to cause internal 
heating during fatigue in vacuum.  
Fig. 4 shows the relationship between plastic zone size and distance from  notch  root. The tests were carried out at σ = ± 
160 MPa in both vacuum and air.  It is found that the plastic zone size was larger in vacuum than in air. It is therefore 
inferred that the increase of fatigue life in vacuum may be closely related with the spread of plastic deformation enhanced 
by internal heating at crack tip. 
 
 
 
Fig. 4  Relationship between plastic zone size and distance from notch root. 
3.3. Microstructural Observation 
The optical micrographs in Fig. 5 shows the macroscopic surface appearances of fatigue damage developed in the 
process zone wake of a main crack in the specimens fatigued at σ = ± 160 MPa. In vacuum (Fig. 5(a)), homogeneous fatigue 
slip bands have uniformly developed in individual grains and widely spread over grains surrounding a main crack. It is 
noticeable that some intense slip bands have observed in grains along the main crack, with which one end of the bands 
connected. Fatigue cracks ran across grains mostly in transgranular mode. Macroscopic crack growth direction is 
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comparatively straight and perpendicular to the specimen axis. In air (Fig. 5(b)), coarse and intense slip bands have formed 
and fatigue cracks usually propagated in transgranular mode. Mechanical twinning was common feature to fatigue structure 
in titanium and has often involved fatigue crack growth. Furthermore, in air atmospheric gas atoms/molecules rapidly 
absorb on the freshly formed surfaces results in the formation of double and single slips. The chemisorptions of oxygen or 
the formation of an oxide layer on the slip step, which was created during the tensile portion of a fatigue cycle makes 
reverse slip difficult on the same slip plane upon load reversal. It is insisted that the chemisortion and physisoption on 
freshly formed surface are essential to discuss fatigue mechanism under stressing in air. 
The SEM micrographs in Fig. 6 compare microscopic appearances of fatigue damage on specimen surface at σ = ± 160 
MPa between in vacuum and in air. Figure 6(a) illustrates intense fatigue damage in vacuum, where intensive slip bands 
with rumpled extrusions have developed in grains surrounding a main crack and a number of slip band microcracks have 
formed on the {11 00} planes. It is found that the microcracks have been formed at the junction of slip bands on the {1 1 00} 
planes highly activated, and that some secondary cracks have originated on the (0001) plane lying perpendicular to a main 
crack. It is realized that crystallographic slip planes are extremely activated in vacuum to induce fatigue damage in grains. 
Mechanical twinning appeared most prominent in the specimens tested in air (Fig. 6(b)).  Therefore, it was inferred that slip 
systems were more profoundly activated in vacuum than in air, when titanium was subjected to cyclic stressing. Other 
researcher has studied the slip-system activity and dislocation density using an X-ray lline-broadening technique. They 
reported that the deformation behaviour of titanium changes from a heavily twinned to an untwined mode with increasing 
deformation temperature [11]. 
The SEM fractomicrograph in Fig. 7 show appearances of the specimen and fracture surface fatigued at σ = ± 160 MPa in 
both environments. It was carried out tilting the goniometer stage at an angle of 30˚ about the transverse axis of the 
specimen. High intensity slip deformation with single and double slips can be observed in specimen surface fatigued in 
vacuum (Fig. 7(a)).  Some dimples with irregular microligaments characterize fracture surface topography induced by cyclic 
stressing in vacuum.  This was particularly observed in the specimens involved in damping during cyclic stressing.  Bryant 
et al. had observed simillar microstructural feature of deep irregular dimpled surface in β–titanium alloy that was strained to 
fracture at higher strain rates (up to 28 s-1), at room temperature and in air [18]. According to them the affected volume of 
irregular microligaments was considered to support the idea that in certain limited areas a very small volume was heated 
above the melting point at the moment of final separation.  Slip bands and deformation twinning are observed on the 
specimen surface fatigued in air (Fig. 7(b)). The fracture surface was composed of flat plateaus, striation-like marking, 
ridges and fissure type striation which aligned in the crack growth direction. In this case, the fissure type striation is similar 
to those observed by other researchers [19-20].   
 
 
 
Fig. 5. Optical microscope showing fatigue damage surface appearances of titanium fatigued at σ = ± 160 MPa. T: twinning,                                    
D.S: double slip and S.S: single slip  
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Fig. 6  SEM micrographs showing microscopic surface appearances of fatigue damage in  titanium fatigued at σ = ± 160 MPa.                                   
T: twinning, S.C: secondary crack and M: microrack 
 
 
 
Fig 7. SEM micrograph showing fracture surface appearance in the specimen fatigued at σ = ± 160 MPa. D: dimple,                                           
F: fissure type striation, P: plateaus, R: ridges and S: striation-like marking 
 
4. Conclusion 
Fatigue damage of titanium can be summarized in the followings: fatigue curves of titanium have been better in vacuum 
than in air, particularly at the high cycle fatigue regions. In vacuum, fatigue damage has been characterized by 
homogeneous fatigue slip bands formed on the {10 1 0} planes. Slip band cracks have been formed at the junction of 
intersecting slip bands developed on the {10 1 0} planes, remarkably. Internal heating due to anelastic energy losses 
(damping) promotes slip activity at a crack tip which results in crack tip blunting. Fatigue behavior of titanium in vacuum 
has been attributed to the higher slip activity at crack tips due to internal heating. Fatigue cracks have propagated along and 
across slip bands in transgranular mode. In air, fatigue damage has been characterized by coarse slip bands and mechanical 
twins. Fatigue cracks have mostly propagated zigzag in transgranular mode, associated with both slip bands and mechanical 
twins. Fatigue behavior of titanium in air has been attributed to both chemisorption and physisorption on freshly formed 
surfaces, causing coarse and intense slip bands. 
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